We demonstrate by using three-dimensional magnetohydrodynamics simulations that the cosmicray (CR) production efficiency at supernova remnants (SNRs) is over-predicted if it is based on proper motion measurements of Hα filaments in combination with Rankine-Hugoniot relations. Density fluctuations of upstream medium make shock waves oblique almost everywhere. For oblique shock, the kinetic energy of the shock wave is transferred into that of downstream turbulence as well as thermal energy related to the shock velocity component normal to the shock surface. Our synthetic observations shows that the apparent CR production efficiency as estimated from a lower downstream temperature, depends on the amplitude of density fluctuations of the upstream medium. They are roughly consistent with our analytical estimation of the efficiency. When the upstream medium has density fluctuations of typical diffuse interstellar medium, the apparent CR productions efficiency is observed as 10-40 %.
Introduction
The energy density of Galactic cosmic rays (CRs) around the Earth is explained if 1-10 % of supernovae explosion energy are goes into CR acceleration. The CR production efficiency at the supernova remnant (SNR) has been widely discussed, which seems to be ubiquitously so high that the background shock structure is modified due to back reaction of CRs. One way to estimate the CR production efficiency is given by a combination of proper motion measurements of shock front and shocked gas temperature (e.g, [8, 16, 7, 12, 11] ). The expansion velocity of a SNR has been measured in various wavelength, from which the downstream temperature T proper is predicted by using Rankine-Hugoniot relations. If actual downstream temperature T down can be independently measured, then the CR production efficiency η is defined as
where we assume the all missing thermal energy goes into CR acceleration. Note that η can be related to β which was given by Equation (22) of [17] , as η = 1 − β . Observations of northeastern region of young SNR RCW 86 can be an example. The expansion speed is measured by proper motion of Hα filaments range from 300 to 3000 km s −1 with the mean 1200 km s −1 [6] , while the downstream proton temperature is given by the line width of the broad Hα emission as T down = 2.3 keV [7] where the observed region containing three bright Hα filaments. The proper motion velocity, V proper , of theses filaments is measured as 1871, 1196, 1325 km s −1 , respectively. If these proper motion velocities correspond to the shock velocity locally, we can predict the downstream proton temperature by using Rankine-Hugoniot relations as T proper ≈ 6.8, 2.8, 3.4 keV, respectively. Then, we obtain η ≈ 0.66, 0.18, 0.32 for these filaments, which implies highly efficient CR acceleration. In previous discussions, it was assumed the plane parallel shock wave -that is, the shock normal is parallel to the flow -and that the measured proper motion velocity was identical to the shock velocity. These assumptions could be suitable for spherical symmetric shock wave propagating into homogeneous medium. However, they may not be true for actual SNRs shock waves. Observed proper motions of Hα filaments is dispersed (e.g., [6] ), that implies the shock propagation through inhomogeneous medium. At present, it is widely accepted that the interstellar medium (ISM) is highly inhomogeneous (e.g., [2] ), in particular, near the young SNRs (e.g, [4, 13] ).
We investigated the influence of upstream inhomogeneity which is expected at the realistic diffuse ISM on the above discussion of the CR production efficiency based on three-dimensional magnetohydrodynamics (MHD) simulations ( [15] ), and simulating Hα filaments whose proper motion is synthetically measured. Our previous results showed that the apparent CR production efficiency, η, is estimated as 10-40 % in spite of no CR acceleration. In Appendix of [15] , a simple analytical argument gives the upper and lower bounds of η as
where ∆ρ/ ρ 0 is the upstream density fluctuation (see Section 3). This bound is roughly consistent with the above numerical results in the case of a typical ISM which has ∆ρ/ ρ 0 = 0.3 at the
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On Cosmic-Ray Production Efficiency at Realistic Supernova Remnant Shocks J. Shimoda 2 pc scale. However, [15] only calculated the case of typical ISM. The environment of actual SNRs has various values of ∆ρ/ ρ 0 . For example, the young SNR SN 1006 is located far from the galactic plane, which implies that the shock wave may propagate into modestly disturbed medium. Note that several observational results have indicated inhomogeneity of ambient medium around SN 1006( [3, 14, 10] ). In this paper, we will show the case of ∆ρ/ ρ 0 = 0.1 results by the same way as [15] .
Shock Propagation through Inhomogeneous ISM
Multi-dimensional MHD simulations of shock propagation through inhomogeneous diffuse ISM with Kolmogorov-like density power spectrum have shown that the shock front is rippled due to the fluctuating inertia of the preshock ISM (see [5] for 2D case and [9] for 3D case). Their results strongly suggest that SNR forward shock is locally oblique. For oblique shocks, downstream temperature is given by the velocity component normal to the shock surface V sh cos θ (not shock velocity itself):
where k B , m p and θ are Boltzmann constant, proton mass, the angle between the shock normal and the shock velocity (see Figure 1b of [15] ), respectively. The proper motion velocity is identical to the shock velocity component perpendicular to line of sight (LOS). Thus, when the shock front is rippled, the proper motion velocity, V proper , can be larger than V sh cos θ (see, Figure 1a of [15] ). Since V proper ≥ V sh cos θ , downstream temperature calculated based on the proper motion measurement can be overestimated, i.e., T proper = 3 m p V 2 proper /(16 k B ) ≥ T down , so that η is apparently non-zero in spite of no CR acceleration. In the following, using the result of 3D MHD simulation of a shock propagation through an inhomogeneous medium performed by [9] , we demonstrated that the above expectation is realized for the typical ISM whose density fluctuations characterized by ∆ρ/ ρ 0 = 0.3 ( [15] ). In this paper, we show the case of ∆ρ/ ρ 0 = 0.1 to perform that the above argument is generally realized.
Set up of MHD Simulation and Calculation of Hα Emission
In this paper, we use the data from the simulation performed by [9] . They calculated the shock propagation into realistic diffuse ISM for some cases of the amplitude of density fluctuations. Their Model 3 has the upstream density fluctuation which is given by the Kolmogorov-like isotropic power spectrum P 1D (k) ≡ ρ 2 k k 2 ∝ k −5/3 and ∆ρ/ ρ 0 = 0.1, where ρ k , k, and ρ 0 are the Fourier component of density, a wave number, the initial mean density and ∆ρ is the dispersion ∆ρ = . More detailed, see Section 2 of [9] . We regard Model 3 as the case of the shock propagating into modestly disturbed diffuse ISM like the SN 1006 case.
In order to estimate the apparent CR efficiency η, we calculate the proper motion of Hα emission during 10 years (from t obs = 700 to 710 yr) by the same way as [15] . Figure 1 shows the simulated Hα image, and we select 8 regions to measure proper motion. We extract surface brightness profile from these regions and analyze their proper motions by the same way as [6] and [15] . In order to evaluate η from Equation 1.1, we calculate T down as the mean of the downstream proton temperatures of fluid cells just behind the shock surface within the blue box as shown in Figure 1 . Table 1 shows the measured proper motion velocity and apparent CR production efficiency η for the 8 regions. As expected in Section 2, T proper is higher than T down and the efficiency η is positive, even through our simulations do not consider the effects of cosmic-ray acceleration. The range of η is roughly consistent with our simple analytical estimation given by Equation 1.2. 
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Results of Synthetic observations
Summary
We have shown that the CR production efficiency η seems to be overestimated at the shock wave of SNRs propagating into realistic ISM whose density fluctuations is smaller than typical one if the postshock temperature T proper is estimated from the proper motion of Hα filaments in combination with Rankine-Hugoniot relation for plane-parallel shock. It may not be suitable assumptions for actual SNR shocks that the shock wave is plane parallel and that the measured proper motion velocity is equivalent to the shock velocity. The rippled, locally oblique shock front is made by the density fluctuations of realistic ISM. For the oblique shocks, the postshock temperature is given not by shock velocity itself but by the velocity component normal to the shock surface V sh cos θ as shown by equation (2.1). Because measurements of proper motion give us velocity component transverse to LOS, the predicted downstream temperature T proper given by Rankine-Hugoniot relation with the assumption of plane parallel shock is larger than actual downstream temperature T down . Therefore, we claim that the CR production efficiency η has some uncertainty, and it can be positive in spite of no CR acceleration. As given by Equation 1.2, our simple analytical estimation of the uncertainty of the apparent CR production efficiency depends on density fluctuations especially ∆ρ/ ρ 0 . It is roughly consistent to the both cases for ∆ρ/ ρ 0 = 0.3 and 0.1.
